The skin's permeability barrier consists of stacked lipid sheets of splayed ceramides, cholesterol and free fatty acids, positioned intercellularly in the stratum corneum. We report here on the early stage of skin barrier formation taking place inside the tubuloreticular system in the secretory cells of the topmost viable epidermis and in the intercellular space between viable epidermis and stratum corneum. The barrier formation process was analysed in situ in its near-native state, using cryo-EM combined with molecular dynamics modeling and EM simulation.
Introduction
In terrestrial vertebrates, the skin upholds homeostasis by preventing water loss from the body as well as by preventing permeation of exogenous substances into the body [1, 2] . The barrier proper is located in the skin's topmost epidermal layer -the stratum corneum. It consists of lipid sheets positioned intercellularly between cornified dead cells.
The formation of the skin's permeability barrier is closely connected to the continuous cell differentiation process in epidermis [3] [4] [5] [6] . The cells move from the basal layer with undifferentiated cells, via several layers of cells differentiating into secretory cells, to the stratum corneum with cornified dead cells. Barrier formation is initiated in the topmost secretory cell layers -the stratum granulosum ( Fig. 1 (II) ). The barrier lipids are synthesized in the endoplasmic reticulum and the Golgi apparatus and subsequently appear as a partly granular ( Fig. 1 (III), green pattern) and partly lamellar ( Fig. 1 (III) , blue pattern) material, secreted into an extensive tubuloreticular (lamellar body) membrane system ( Fig. 1 (III) , green region) and are finally discharged into the intercellular space separating the viable cells from the cornified cells. Once in the intercellular space between the cornified cells the secreted lipids transform into laterally extended, stacked sheets. This process is completed at the third to fifth cornified cell layer. The stacked sheets are then observed in between the cornified cells throughout the stratum corneum, until finally shed at the skin surface.
For many years it has been a major challenge to reveal the organization of the stacked lipid sheets. The lipids consist of ceramides, cholesterol and free fatty acids [7] [8] [9] in a roughly 1:1:1 molar ratio [10] . It was early demonstrated by electron microscopy [11] [12] [13] that the lipids are organized as stacked sheets. It has, however, been difficult to arrive at a conclusive model for the molecular organization of the https://doi.org/10.1016/j.yexcr.2018.03.010 Received 5 March 2018; Accepted 6 March 2018 lipid sheets themselves, in spite of comprehensive information on their repetitive structure gathered by a variety of techniques including electron microscopy [14, 15] and small angle x-ray diffraction [16] [17] [18] . However, a cryo-EM based technology was recently presented making it possible to examine the molecular organization of the stacked lipid sheets in a novel manner [19] .
In cryo-EM of vitreous sections, the near-native tissue is preserved down to the molecular level and the micrograph pixel intensity is directly related to the local atomic density of the specimen [20, 21] . Furthermore, orderly arranged molecular assemblies, like the stacked lipid sheets in stratum corneum, give rise to interference patterns when examined in defocus. Iwai et al. [19] analyzed these interference patterns with a three-step procedure: 1) construction of candidate molecular models, 2) generation of simulated electron micrographs based on these models, and finally 3) comparison of the observed cryo-electron micrographs with the simulated ones. It was possible to demonstrate that earlier models for the skin barrier lipid sheets did not satisfy the cryo-EM data, while one proposed new model did. This model states that the lipid sheets consist of stacked bilayers of ceramides in a fully splayed chain conformation with cholesterol associated with the ceramide sphingoid moiety and free fatty acids associated with the ceramide fatty acid moiety. The model's lipid arrangement has later been supported by infrared spectroscopy studies using deuterated lipids in model membranes [22] .
In the present study, we have used high-resolution cryo-EM of vitreous sections combined with molecular dynamics modeling and electron microscopy simulation to try to explore on the molecular level the early stage of the formation of the skin's barrier structure, i.e., the organization of the granular and lamellar structures in the tubuloreticular (lamellar body) system in the topmost stratum granulosum cells and in the intercellular space between stratum granulosum and stratum corneum. It was early suggested that the lamellar structures originate from vesicles that flatten and become organized into stacks of lamellae [13] . Subsequently, it was proposed that the stacked lamellae appear from a cubic to lamellar phase transition (membrane folding model) [23] . Lately, a third type of formation process was suggested postulating that the stacked lamellae arise from a reversed micellar to lamellar transition [24] . Recent cryo-EM studies failed to record small vesicles in the vicinity of the lamellae, while ordered granular patterns were observed [25, 15] , being compatible with the cubic model or the reversed micellar model. By applying the here presented cryo-EM/MDmodeling/EM-simulation method, we now evaluate specific atomistic models for the organization of the ordered non-lamellar material in the granular regions and for the organization of the stacked layered material in the lamellar regions. Our results support the concept that the stacked lamellae appear by a cubic to lamellar lipid phase transition. Moreover, the lamellae formed seem to represent an intermediate stage in the barrier formation process. It is, however, underlined that the models used in the MD simulations are idealized and simplified compared to what would be found in skin in vivo, meaning that the best matching models cannot be considered accurate representations of reality, but, unlike the other models, cannot be discarded based on comparison with cryo-EM data.
Materials and Methods

Skin sample preparation
Skin biopsies (area, × 1 1 mm 2 ; thickness, − 100 150 μm) for cryo-EM were collected from the left volar forearm and abdomen of 5 male Caucasians in their 40's-50's with normal skin as judged from dermatological evaluation. The biopsies were instantly immersed in 1-hexadecane (MERCK). Subsequently, they were placed in the cavity of a cylindrical gold cup prefilled with 1-hexadecane, and vitrified using a Leica EMPACT2 high pressure freezer (Leica, Wien, Austria), within 30 seconds from biopsy collection.
Cryo sectioning
The vitreous skin samples were trimmed with a diamond blade (Diatome, Biel, Switzerland) and cryo-sectioned at −140°C with a nominal section thickness of − 20 50 nm using a 35 degree diamond knife (Diatome, Biel, Switzerland) with a clearance angle of six degrees. Cutting speed was set to − 0.2 1.0 mm/s. The sections were transferred to copper grids with 1000 mesh and pressed with a stamping tool and stored in liquid nitrogen. Air flow, temperature (21°C) and humidity (<25% RH) were controlled in the work room.
Cryo-electron microscopy of vitreous skin sections
We used a GATAN model 626 cryo-holder (GATAN, Pleasanton, CA) at −180°C. Images were collected at 120 kV in a Philips CM200-FEG Fig. 1 . Localization of our near-native cryo-electron microscopy observations in human skin. Section 1: organ-scale drawing of the skin. Section 2: tissuescale drawing of the epidermis. Section 3: cellular-scale drawing of the interface between viable and cornified epidermis. Section 4: nanometer-scale cryo-electron microscopy observations at near-native conditions in situ. The patterns observed (A-B) have been characterized in the following way: A, granular (green); B, lamellar with symmetric 50-55 Å periodicity (blue). Desmosomes connecting the secretory cell to the first corneal cell are indicated by transverse striations (section III, black).
microscope, equipped with a cooled slow scan × 2048 2048 TVIPS TemCam-F224 HD CCD camera (pixel size 24 μm). Images were generally recorded with a dose of − − 1, 000 17, 000 e /nm 2 per image and at a total magnification of 27,500 X (pixel size: 6.02 Å), 38,000 X (pixel size: 4.35 Å), 50,000 X (pixel size: 3.31 Å), and 88,000 X (pixel size: 1.88 Å). To aid discrimination between different atomistic MD models, images were acquired at a range of different defocusses (−0.1 to − 5.0 μm).
Construction of MD models
MD models of the individual molecules in the lamellar phases were generated using a molecular-model building procedure with the atoms being located at their ideal bond distances, angle and torsions.
Due to their size, atomistic models for a range of micellar-, reversed micellar-, vesicular-and bicontinuous cubic lipid phases were constructed starting from simulations utilizing a coarse-grained approach, by transforming each finalized coarse-grained model into an all-atom model using the methodology of Wassenaar et al. [26] .
The normal micellar-, reversed micellar-and vesicular phase aggregates modelled in this study were all arranged in a body centered cubic lattice in order to ensure that the observed differences in their EM simulation patterns, as well as differences compared with the EM simulation patterns of the bicontinuous cubic phases, were not due to different lattice organizations but only due to differences in their lipid architectures.
For further information on the MD model building, see Supplemental Information -Experimental procedures.
Molecular dynamics simulation
MD simulations were executed using GROMACS 5.0.4-5.1.2 [27, 28] . For a detailed description, see further Supplemental Information -Experimental procedures.
Cryo-electron microscopy simulation
Simulated images derived from atomic models were created with a validated electron microscopy (EM) simulation program developed by Öktem and coworkers [29] . The first part of the program is a phantom generator that can read one or more atomic models in the RCSB Protein Data Bank (PDB) format. An electron scattering potential map is then generated. The second part of the program simulates the interaction between the potential map and the electron beam, the optical transformation effect of the lens system of the microscope and the image formation on the detector. Parameters defining optical properties of the microscope, e. g., acceleration voltage, aberration constants and defocus, and the point spread function of the detector, can be set to mimic the conditions in the real experiment. Thus, simulated EM images were generated with conditions corresponding to the original cryo-EM images. The software is freely available at [http://tem-simulator. sourceforge.net].
For atomistic models of bicontinuous cubic lipid bilayer phases, simulated EM images were generated for each model at 27 different MD model section orientations covering 3D space symmetrically, at three different defocusses of − m 0.25 μ , − m 1.75 μ , and − m 3.75 μ , at a MD model section thickness of nm 30 (i.e., corresponding to the skin specimen cryo-section thickness of the reference cryo-EM images of the granular structure). For the models of stacked lamellar lipid phases, simulated EM images were generated for each model at 1 degrees electron beam tilt angle, at a defocus of − m 2.5 μ , and at a MD model section thicknesses of nm 50 (i.e., corresponding to the skin specimen cryo-section thickness of the reference cryo-EM images of the stacked lamellar structure). Furthermore, image pixel-size, electron dose, and parameters defining the optical properties of the microscope were set to mimic the conditions used for obtaining the original cryo-EM images Fig. 2 . Cryo-electron micrographs of the locally ordered granular pattern associated with the symmetric broad-lamellar pattern with 50-55 Å periodicity. A-D) Cryo-electron micrographs of the tubuloreticular system (lamellar bodies) located at the interface between stratum granulosum and stratum corneum. Note that the locally ordered granular regions (green stars) are closely associated with the broad-lamellar regions (blue stars), seemingly integrating without a clear interface. A-B represents lamellar bodies located within the cytoplasm of the topmost stratum granulosum cell and C-D represent lamellar bodies located intercellularly between the topmost stratum granulosum cell and the lowermost stratum corneum cell. The relative amount of lamellar material (blue stars) with respect to granular material (green stars) is higher in lamellar bodes located in the intercellular space (C-D) compared with those located in the stratum granulosum cytoplasm (A-B). Green stars: locally ordered granular pattern. Blue stars: symmetric broad-lamellar pattern with 50-55 Å periodicity. Scale bars: nm 100 .
from skin.
Results
1.
Identification of supramolecular structures involved in the early formation of the skin's permeability barrier, using cryo-EM
The cryo-EM data reported here represent over 1000 original observations, obtained from the left volar forearm and abdomen of five Caucasian males in their 40's-50's with no history of skin disease.
To identify and characterize the separate stages in the formation of the skin's permeability barrier, we studied near-native vitreous cryosections displaying the complete epidermis including stratum granulosum and stratum corneum. The early stages were recorded in the outermost secretory cell layer of stratum granulosum and in the intercellular space between the secretory cell and the first stratum corneum cell (Fig. 1 ).
We were able to identify two distinct cryo-EM patterns: a locally ordered granular pattern ( Fig. 1 (IV) , pattern A) and a symmetric stacked broad-lamellar pattern with ∼50-55 Å periodicity ( Fig. 1 (IV) , pattern B). Images exhibiting the two patterns are presented in Fig. 2 (granular pattern indicated with green stars and the lamellar pattern with blue stars). These patterns were mainly recorded in the tubuloreticular (lamellar body) system of the stratum granulosum and in the intercellular space between stratum granulosum and stratum corneum ( Fig. 1 , green and blue areas). The granular material was present throughout the tubuloreticular system as well as the adjacent intercellular space. The stacks of lamellae appeared in the tubuloreticular system towards the periphery of the cell and were more abundant in the adjacent intercellular space. In many instances the granular and lamellar structures were intimately associated and seemed fused to each other ( Fig. 2A-C) . Considering this together with the relative increase of lamellae during the transport of the material towards the periphery of the cell, it is close at hand to propose that the granular material is somehow transformed into the stacked lamellae. As pointed out in the Introduction, three different propositions have been made: 1) the lamellar stacks are formed by vesicles budded off from the trans-Golgi network that fuse with each other and transform into lamellae [13] ; 2) the granular regions correspond to tightly folded lipid bilayers arranged in a bicontinuous cubic lipid/water phase-like organization and that these folded membranes unfold to form lamellar stacks through a cubic to lamellar phase transition [23, 25, 15] ; and 3) the lamellar stacks are formed via a transition from a reversed micellar phase into a lamellar phase via templating against the stratum corneum cell wall [24] .
The cellular cryo-EM / MD-modeling / EM-simulation approach
We have now set out to explore whether a micellar to lamellar transition ( Fig. 3A/B ), a reversed micellar to lamellar transition ( Fig. 3C/B) , a vesicular to lamellar transition ( Fig. 3D/B ), or a cubic to lamellar transition ( Fig. 3E/B) , is likely to be responsible for the formation of the stacked lamellae in human skin. The four main lipid phase classes are schematically presented in Fig. 3 . Micelles (i.e., lipid droplets in a water continuum) (Fig. 3A ) may form at lipid concentrations above the critical micelle concentration, while reversed micelles (i.e., water droplets in a lipid continuum) (Fig. 3C ) may form at low water concentrations. At intermediate lipid/water concentrations liquid crystals (i.e., structures that possess long range order and dynamic short range disorder) may appear. These are typically lamellar-( Fig. 3B ) (including vesicular (Fig. 3D) ) and bicontinuous cubic (Fig. 3E ) bilayer phases. The most prevalent types of bicontinuous cubic phases are the gyroid-, the diamond-and the primitive cubic phases (see [30] ).
We have investigated whether the granular pattern could be compatible with a micellar-, a reversed micellar-, a vesicular-, or a bicontinuous cubic lipid phase. To this end, we have employed, and further developed, the cryo-EM approach earlier applied in the analysis of the molecular organization of the skin's fully developed barrier structure [19] . The novel development consists in using molecular dynamics simulation for refining the molecular models used for the EM simulation-based analysis of the cellular cryo-EM data. This offers the advantage that the molecular packing (and thereby the local atomic densities) of each MD model is optimized and standardized independently of model topology. In this study we did not simulate long enough to reach equilibrium structures, but only long enough to obtain a realistic lipid packing (and thus a realistic atomic density) within each model systems' membrane structure, in order to allow for objective comparison between the simulated EM patterns of the different MD models. The non-lamellar MD systems were so large that during the model building procedure MD simulations were initially performed using a coarse-grained force field, before converting the systems to atomistic models.
The procedure involves the following four steps: 1) collection of original high-resolution cryo-EM images, at a range of different defocus levels, of the targeted bio-structure; 2) construction of an atomistic model for the targeted bio-structure's organization and extraction of section volumes from the MD model; 3) simulation of EM images from the model's section volumes; 4) confrontation of the simulated electron micrographs with those observed experimentally to select the MD model that optimizes the fit between observed cryo-EM data and simulated EM data.
Analysis of the cryo-EM patterns
A. The locally ordered granular pattern a. Cellular cryo-electron microscopy (EM) A complete high-resolution cryo-EM image defocus series of an ordered granular region collected at the interface between stratum granulosum and stratum corneum is shown at low magnification in Fig. 4A -C, and a selected region thereof at higher magnifications in Fig. 4D-I . The individual granules are not well defined and are interconnected in a complex meshwork. Fig. 4J -L shows cryo-EM images from an unstructured PBS solution in order to compare (at the same scale) the images in Fig. 4G -I with noise. Since the electron micrograph patterns represent an average over a nm 30 thick tissue section, disorder in the underlying structure would not result in a granular pattern, as in the cryo-EM images from skin tissue (A-I), but simply blur the images. In Fig. 4G , the image resolution is high while the image contrast is low (due to the low defocus level employed (− m 0.25 μ )), making it difficult to differentiate signal from noise by eye inspection alone. At higher defocusses, the image resolution is lower and the image contrast thus higher, making the b. Molecular dynamics model building Rather than considering the full complexity of the stratum corneum lipid composition in our model-building, we focused on the three main components [8, 9] , namely glycosylceramide NP or alternatively ceramide NP (the predominant ceramide in stratum corneum) [31] , cholesterol and lignoceric acid (C24:0) [32] , because these will most likely determine the main features of the lipid organization, and variation in chain lengths will serve only to modulate the structure. The three components were assumed to be present in a 1:1:1 molar ratio [10] .
Our approach to molecular dynamics model building of the four lipid phase classes studied in this work is presented in Figs. 5 and 6 . The molecular arrangement of the three main lipid components in each of the lipid phases is schematically shown in Fig. 5 (first row) . The corresponding simulation boxes (repeating units) generated by MD modeling are exhibited in Fig. 5 (second row) .
Single repeating units of the atomistic models of the micellar-, the reversed micellar-and the vesicular phases are displayed in Fig. 7 , and single repeating units of the models of the cubic phases with gyroid symmetry (the most common type of bicontinuous cubic phase in lipid/ water systems [30] ) are exhibited in Fig. 8 . Single repeating units of the models of the bicontinuous cubic phases with diamond-and primitive symmetry (the next most common types of bicontinuous cubic phases [30] ) are presented in Suppl. Fig. 1E-F . Each lipid phase class is modelled with different periodicities.
The specific steps in the MD model building procedure starting from the single repeating units are presented in Fig. 6 (for details about the MD model building procedure see supplemental information): Initially, a coarse-grained 3D model of the chosen lipid phase is constructed and then MD simulated (Fig. 6A-B) . The MD simulated coarse-grained model is then transformed into an atomistic model and subsequently energy minimized (Fig. 6C-D) . The atomistic model is thereafter multiplied in three dimensions (Fig. 6E) . Section volumes (marked by a blue box in Fig. 6F ), oriented in different planes covering 3D space symmetrically, are then extracted from the multiplied atomistic model. Finally, simulated transmission electron micrographs are generated at different defocus levels from each of the MD model's section volumes in a direction normal to the section plane (cf. Fig. 6 H) . c. Electron microscopy simulation For each atomistic model, the last model frame of the construction procedure was utilized to generate simulated electron micrographs according to Rullgård et al. [29] . The most prevalent simulated EM pattern for each MD model is displayed in Figs. 7 and 8. There were striking differences in the simulated EM patterns between the four lipid phase classes as well as between the different repeating unit sizes within each lipid phase class. Clear differences were also observed between the three different bicontinuous cubic phase types (Suppl. Fig. 1) .
A total account of the simulated EM images is given in the supplement (Suppl. Figs. 3-8) . The total number of images amount to 1863 (23 MD models × 27 sections/MD model × 3 defocus levels/MD model section). The simulated images were scrutinized, and the different patterns generated from each MD model's 27 different sections were characterized and listed according to their relative frequency (Suppl. Table 1 ).
d. Comparison between simulated and real cryo-EM images For each MD model lipid phase, the simulated EM images were compared with the original cryo-EM images obtained from human skin.
First, we considered the most prevalent simulated EM patterns, presented in Figs. 7 and 8. For comparison, an original cryo-EM image of a granular region is displayed to the left of each MD model phase class. It is evident that the most prevalent simulated EM patterns generated from the micellar-, reversed micellar-and vesicular phase models were all strikingly different from the granular cryo-EM pattern recorded in skin (Fig. 7) . Only those generated from a bicontinuous cubic phase with gyroid symmetry and nm 14.6 periodicity ( Fig. 8F ; see also Suppl. Fig. 1 for an overview of all phases) showed similarity with the original cryo-EM patterns derived from human skin (Fig. 8B) .
Second, we identified the best-matching simulated EM images (irrespectively of how prevalent their patterns were in the 27 different model sections) for each MD model lipid phase. Again, no simulated EM images generated from the micellar-, reversed micellar-or the vesicular phases in any of the 27 different model section planes showed compatibility with the original cryo-EM patterns, while some of those generated from the bicontinuous cubic phases with periodicities below 25 nm showed compatibility (see Suppl. Fig. 2 periodicity (Suppl. Fig. 2 , gyroid cubic ( nm 14.6 ); Suppl. Movie 1). Compatibility, although less optimal, was also observed for the smaller bicontinuous cubic phases with gyroid-(Suppl. Fig. 2 , gyroid cubic ( nm 10.9 )) and diamond (Suppl. Fig. 2 , diamond cubic ( nm 10.9 and nm 15.8 )) symmetry. The optimally matching EM simulation data for the MD model with gyroid cubic symmetry and nm 14.6 periodicity is shown in Fig. 9 .
Exchanging glycosylceramides for ceramides in the MD models did only result in a somewhat decreased signal-to-noise ratio in the simulated EM images (data not shown).
In conclusion, a granular pattern was observed in simulated EM images generated from bicontinuous cubic phases. The best correspondence between simulated EM images and recorded cryo-EM images from skin was noted for the bicontinuous cubic phase with gyroid symmetry and a periodicity of about nm 15 . No compatible patterns could be discerned in simulated EM images generated from micellar-, reversed micellar-or vesicular phases.
B. The symmetric stacked lamellar pattern with 50-55 Å periodicity
The hypothesis close at hand is that the symmetric stacked lamellar cryo-EM pattern with 50-55 Å periodicity corresponds to a stacked lamellar lipid phase composed of long-chain ceramides, cholesterol and free fatty acids, with or without water associated with the lipid headgroups.
To evaluate if the lamellar pattern is compatible with a lamellar lipid phase with a relevant skin lipid composition, we constructed the following three atomistic models of stacked lamellar lipid phases composed of the three skin lipid components: 1) with ceramides in the hairpin conformation, with cholesterol and free fatty acids symmetrically distributed, and with increasing numbers of water molecules associated with the lipid headgroups, 2) with ceramides in the fully splayed conformation, oriented in alternating directions, and with cholesterol and free fatty acids symmetrically distributed, and 3) with ceramides in the fully splayed conformation, oriented in the same direction and with cholesterol and free fatty acids asymmetrically distributed (i.e., cholesterol associated with the ceramide sphingoid moiety and free fatty acids associated with the ceramide fatty acid moiety).
For the first MD model containing hairpin ceramides and symmetrically distributed cholesterol and free fatty acids and no water, the simulated EM images did express a lamellar periodicity of 48 Å after energy minimization by MD simulation, i.e. slightly shorter than that of the original cryo-EM data of about 50-55 Å. The simulated EM images' band-pattern contrast range was also slightly lower than that of the original cryo-EM data from skin ( Fig. 10F; Suppl Fig. 9A ). Increasing stepwise the MD model's relative amount of water associated with the lipid headgroups did further decrease the correspondence between simulated and original EM data (Suppl Fig. 10 ). For MD models with two or more water molecules associated with each lipid headgroup, the simulated EM data were incompatible with the original cryo-EM data ( Fig. 10L; Suppl Fig. 10D-G) .
For the second MD model containing alternatingly oriented fully splayed ceramides and symmetrically distributed cholesterol and free fatty acids, the simulated EM images did express a lamellar periodicity of 49 Å, i.e. slightly closer to that of the original data of about 50-55 Å. The second model's band-pattern contrast range was also slightly higher ( Fig. 10O; Suppl Fig. 9C ), although the difference was not large enough to distinguish the two models with respect to correspondence with original cryo-EM data.
For the third model containing stacked monolayers of splayed ceramides with asymmetrically distributed cholesterol and free fatty acids, the EM simulation image patterns did express a lamellar periodicity of 42 Å, i.e. incompatible with the original cryo-EM data of about 50-55 Å. Further, the model expressed an asymmetric internal band pattern being incompatible with the original cryo-EM data from skin ( Fig. 10U;  Suppl fig. 9E ).
Finally, in order to explore the effect of a full complexity skin lipid composition on the MD model periodicity and simulated EM image . MD model colour codes: oxygen atoms (red), nitrogen atoms (dark blue), hydrogen atoms (white), carbon atoms in ceramides (green), carbon atoms in cholesterol (light grey), carbon atoms in free fatty acids (orange). To enhance visualization of the structure of the different atomistic models, only lipid atoms are visualized in C, E, G, I, K (water atoms are not visualized and thus occupy the models' empty spaces). For the complete set of EM simulation patterns obtained from the five MD models with gyroid cubic symmetry as well as for the five MD models with diamond cubic symmetry and for the four MD models with primitive cubic symmetry, see Suppl. Figs. 6-8.
patterns, two additional MD models with a composition including acylceramide EOS and a realistic skin lipid chain length distribution of ceramides and free fatty acids (see [32] ; see further Experimental procedures), were constructed. The first full complexity model ( Fig. 10G-H ; Suppl. Movie 2) had a molecular arrangement corresponding to the basic three-component model containing ceramides in the hairpin conformation and no water, and the second full complexity model ( Fig. 10P-Q ; Suppl. Movie 3) had a molecular arrangement corresponding to the basic three-component model containing alternatingly oriented ceramides in the fully splayed conformation. After MD simulation, both full complexity models had a lamellar periodicity of 49 Å, i.e., no significant difference compared with the corresponding basic three-component models.
The periodicities of the best matching MD models (49 Å) were slightly lower than for the lamellar cryo-EM data (50-55 Å). This could be explained by an artefactual slight widening of the vitreous skin cryosections orthogonally to the section cutting direction, to accommodate compression during specimen sectioning (in CEMOVIS, lamellar periodicities are always measured in areas where the lamellae are oriented parallel to the sectioning direction, in order to diminish the effect of section compression along the cutting direction) [15, 33] .
After MD simulation, all lamellar MD models expressed lipid chains with restricted mobility reminiscent of a gel-state. This was in contrast with all the non-lamellar MD models (micellar, vesicular and bicontinuous cubic; see A. above), which expressed disordered lipid chains reminiscent of a liquid crystalline state.
In conclusion, the symmetric lamellar pattern with 50-55 Å periodicity is likely to arise from stacked lipid layers containing ceramides in hairpin or alternatingly oriented fully splayed conformation with a symmetric distribution of cholesterol and with less than two water molecules associated with each lipid headgroup.
Discussion
Comments on the cryo-EM / MD modeling / EM simulation approach Molecular complexes in biological cells typically lack long-range order and exist in a crowded, multicomponent environment. For this reason, it is a challenging task to obtain a distinct diffraction pattern from inside a cell. Nevertheless, access to cellular near-native high-resolution data is today possible through the cryo-EM of vitreous sections technology [21, 34, 19] . Here, a major challenge has been the analysis of such cellular cryo-EM data. To this end, electron microscopy simulation has been employed [19] . However, the full potential of EM simulationbased cryo-EM data analysis may not be reached until standardized procedures for molecular model building have been developed.
In a previous study the molecular organization of the fully developed skin barrier lipid organization was studied using cryo-EM combined with conventional atomic model building and EM simulation [19] . In the present study we have further refined this procedure by using molecular dynamics simulation during the construction of molecular models that are used as input structures for EM simulation. This offers the advantage that the molecular packing within each MD model will be optimized and standardized independently of model topology. The MD simulations were not employed to find the global thermodynamic minimum in free energy, or even determine the stability, of the model systems, but to make more realistic simulated EM images of the idealized systems for comparison with the original cryo-EM images from skin. We have further developed the experimental procedure for the analysis of three-dimensional MD model topologies by extracting multiple model sections (each with a thickness corresponding to the thickness of the original skin specimen cryo-sections) through each atomistic model at a range of different angles covering 3D space symmetrically, and then performed electron microscopy simulation on every model section extracted from each atomistic model.
Both the granular pattern and the lamellar pattern studied here have been recorded earlier [15] , however only at lower resolution and only as single image defocus data, and not as high-resolution multiple image defocus series data. To allow for acquisition of the high-resolution cryo-EM image defocus series, about nm 30 thin cryosections were obtained from near-native high-pressure frozen skin samples. Furthermore, the microscope set-up was carefully optimized and the electron-dose minimized to allow for repeated data sampling at the same specimen location at a range of different microscope defocus levels (− m 0.25 μ , − m 1.75 μ and − m 3.75 μ ).
Cubic to lamellar lipid phase transition
In the functioning, fully developed skin barrier, the three main lipid components, i.e. ceramides, cholesterol and free fatty acids, are organized as stacked bilayers in a gel-state with hydrocarbon chains with restricted mobility, and with ceramides in a splayed chain conformation, and with cholesterol associated with the ceramide sphingoid moiety and with free fatty acids associated with the ceramide fatty acid moiety [19] . In the present study, we have followed the early steps in the formation of the skin barrier. In the secretory cells forming the top layer of stratum granulosum, the lipids are delivered from the Golgi apparatus into the tubuloreticular (lamellar body) system and further into the intercellular space between stratum granulosum and stratum corneum. The lipids are present as lamellae and appear as ordered granular structures in the vicinity of these lamellae. We have now demonstrated that the granular regions do not seem to correspond to a micellar-, reversed micellar-or vesicular lipid phase, but seem to be composed of a tightly packed bicontinuous cubic lipid bilayer phase with a periodicity of about nm 15
and that the stacked lamellae likely consist of a lamellar lipid phase with homogeneously distributed cholesterol and less than two water molecules associated with each lipid headgroup. These results support that skin barrier formation takes place via a cubic to lamellar lipid phase transition [23] , and not via a vesicular to lamellar [13] or via a reversed micellar to lamellar [24] transition.
Cubic membrane organizations have been observed in numerous cell types in both uni-and multicellular organisms and appear in virtually any cellular membrane, especially in smooth endoplasmic reticulum, plasma membrane, nuclear envelope, mitochondrial inner membrane and chloroplast thylakoid membranes [35, 36] , and have been extensively studied in artificial lipid systems [37] [38] [39] . The periodic cubic membrane configuration allows a most efficient packing of the highly curved lipid bilayers. Often, the membranes occur during cellular stress and disease, but they can also participate in ordinary physiological processes and play a role during differentiation and regeneration. In the present study we show that in human epidermis, cubic membrane organizations likely constitute the starting lipid matrix for the formation of the skin barrier and may be converted to tight stacks of lipid layers. An interesting analogous process takes place in plant chloroplasts during differentiation [40, 41, 36] . When plants are grown under low light intensity, lipid bilayers are organized as cubic membranes in a prolamellar body, a potential precursor to the mature chloroplast. Upon light stimulation the cubic membranes reorganize and the chloroplast attains its characteristic structure of tightly stacked thylakoid lipid membranes.
The most remarkable feature of the bicontinuous cubic-like membrane organizations involved in the formation of the skin barrier is their periodicity of less than nm 25
, which is considerably shorter than the periodicity of cubic membranes earlier observed in cells ( − nm 50 500 according to [42] ). Notably, the short periodicity recorded in skin corresponds to that of bicontinuous cubic lipid/water in vitro phases ( − nm 10 30 periodicity according to [43] ). The cubic to lamellar lipid transition examined in the present study might thus correspond to cubic to lamellar lipid/water phase transitions observed in vitro. It is not clear whether the recorded short periodicity is unique for the skin barrier formation process or whether it is observed here for the first time due to the high-resolution cryo-EM approach used.
Plausible mechanisms involved in the early formation of the skin's permeability barrier
The formation of the skin's permeability barrier is likely initiated by a transition from a bicontinuous cubic-like lipid bilayer phase into a stacked lamellar lipid phase. The cubic-like bilayer system contains glycosylated ceramides as the main constituent [44] . As for all liquid crystalline lipid bilayer phases embedded in a water environment the glycosylceramide hydrocarbon tails are fluid in a hairpin-like conformation with both tails on average pointing in the same direction towards the center of the bilayer [30] . In the bicontinuous cubic phase the folded lipid bilayer material is densely packed but its liquid crystalline lipid constituent is still highly mobile due to the fluid lipid chains [30] . The transition from a bicontinuous cubic to a lamellar lipid phase involves flattening of the folded bilayer while keeping the high mobility (i.e., liquid crystalline state) of the constituent lipids. It should be noted that such a transition of a lipid bilayer from a bicontinuous cubic to a stacked lamellar organization requires very little energy [45] . A bicontinuous cubic lipid bilayer phase thus meets three major needs of early skin barrier formation -a volume-efficient cellular packing/ storage of the lipid bilayer material coupled with a dynamic state of the liquid crystalline lipid material, and a subsequent energy efficient transition into a stacked lamellar phase. The cubic to lamellar transition involves removal of water from the lipid structure, which is in agreement with the observation that epidermis becomes dehydrated at the interface between stratum granulosum and stratum corneum [46] and that the lipid sheets are dehydrated in the stratum corneum [19] . Furthermore, the glycosylceramides are known to be deglycosylated at this interface [44] , indicating that deglycosylation may be coupled to the cubic to lamellar phase transition process.
Properties of the initial stacked lamellae formed
In the present study we have characterized the stacked lipid lamellae initially formed in the secretory cell in stratum granulosum and likely to be the precursors to the lamellar sheets constituting the fully developed skin barrier lipid structure in the mature stratum corneum intercellular space [19] . With their stacked lamellar pattern with a symmetric 50-55 Å periodicity, the precursor lamellae studied here differ remarkably from the stacked lamellae with an asymmetric 110-120 Å periodicity of the fully developed stratum corneum intercellular space.
The cubic to lamellar lipid phase transition would necessarily involve a change of the ceramides' molecular shape from a hairpin conformation, in the liquid crystalline bicontinuous cubic phase present in the tubuloreticular system inside the stratum granulosum cell, to a fully splayed conformation in the lamellar gel-phase present in intercellular space in the mature stratum corneum [19] . Thereby at least one intermediate stacked lamellar phase stage, without water separating the lamellae, would be required between the initial hydrated glycosylceramide hairpin-based bilayer stage in the bicontinuous cubic phase and the final dehydrated ceramide fully splayed-based bilayer phase of the mature stratum corneum intercellular space. We propose that the symmetric stacked lamellar pattern with 50-55 Å periodicity represents the initial intermediate lamellar phase stage in the barrier formation process, and that it is either organized as lipid layers with ceramides in hairpin conformation, or in alternatingly oriented fully splayed conformation or in a combination of both, with a symmetric distribution of cholesterol and with less than two water molecules associated with each lipid headgroup.
Final stages in skin barrier formation
It now seems urgent to analyze the molecular pathway from the observed symmetric 50-55 Å periodic lamellae in the secretory cells to the asymmetric 110-120 Å periodic lamellae of the fully developed skin barrier lipid structure in the mature stratum corneum intercellular space. Additional intermediate phase stages could be present during this final part of the transformation process. The cryo-EM/MD-modeling/EM-simulation approach applied here may then be useful to outline possible candidate molecular processes that ultimately result in a functional skin permeability barrier.
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